RESPIRATION is one of many rhythmic processes but it is almost unique in that its rhythm can at any time be altered by voluntary control. In many respects the only other rhythmic process which is comparable is walking. There is a natural rate of walking at which we are not conscious of any effort and it has been shown that this is the rate at which we are in fact using our muscles most efficiently. A healthy person can increase his pace slightly without conscious effort but if the muscles concerned have to do more than a certain amount of work he immediately becomes aware of effort.
demanded by the respiratory centres he will become conscious ofrespiratory effort. During the ordinary activities of the day we breathe at a rate of about 15 per minute, with a tidal air of about 600 c.c. and it is very interesting that, just as in walking at an ordinary pace, this rate can be shown to be the most efficient in that it demands the least amount of work.
The work involved in breathing can be estimated by placing an individual in a Drinker respirator and measuring the actual amount of work required to ventilate the lungs. This has been done by Otis, Fenn and Rahn (1950) who showed that -a resting individual does about 0 4 kg. metres of respiratory work per minute, of which about 60 % is expended in overcoming the elastic resistance of the lungs and about 40 % in overcoming viscous and other non-elastic resistances. It is important to understand just what is meant by these terms and they can best be illustrated by considering the lungs as a pair of bellows, the handles of which are joined by a spring to represent the elastic resistance of the lungs. When the bellows are expanded as on inspiration the spring is stretched, and when the handles are released as on expiration the recoil of the spring is sufficient to expel the air. Three types of resistance are involved in ventilating this system. The first is the elastic resistance of the spring. The second is the resistance of the fabric of the bellows, and this corresponds to the viscous resistance of the tissues which is non-elastic. Lastly, air has to be sucked through the nozzle and this gives rise to both turbulent and viscous resistance of the air which is also non-elastic.
For the sake of simplicity these resistances can be divided into the elastic resistance and the nonelastic resistance, since the physical laws which govern these two main groups are quite different. The non-elastic resistance is chiefly influenced by the speed with which the bellows expand. If the spring were removed it would be most efficient to work the bellows slowly and to full capacity, and in the same way if the resistance to breathing were entirely non-elastic, ventilation of the lungs would be accomplished most efficiently by slow vital capacity breaths. The work involved in overcoming elastic resistance obeys quite different laws. It does not matter how quickly a spring is stretched, whether it is stretched quickly or slowly just the same amount of work is done. What does matter is how far it is stretched, for the amount of work done increases very rapidly with the degree of stretching. For this reason, if only elastic resistance were involved it would pay to work the bellows very rapidly and shallowly, as this would involve the least amount of work. In the same way, if the resistance to breathing were entirely elastic, ventilation of the lungs would be accomplished most efficiently by rapid and shallow breaths at a rate of 40 or 50 a minute. Otis, Fenn and Rahn (1950) realized the physiological significance of the differences between the behaviour of elastic and non-elastic resistances in the lung, and they therefore applied the established laws of elasticity and viscosity and air turbulence to the measurements they had made on normal subjects in the Drinker respirator. The results they obtained are shown in simplified form in Fig. 1 . The individual involved in this experiment is breathing with an alveolar ventilation of 6 litres a minute and it is assumed that the same alveolar ventilation is maintained at different rates and depths of breathing. The respiratory dead space is also assumed to remain constant so that on the right of Fig. 1 where breathing is rapid and shallow the total minute volume respired is greater than on the left where breathing is slow and deep. The lowest curve represents the work done to overcome viscous and turbulent resistance and it is clear that the amount of work involved in overcoming this nonelastic resistance increases quite rapidly as breathing becomes more rapid and shallow. Conversely, the work involved in overcoming elastic resistance of the lungs, which is shown in the middle curve, is greatest when the individual breathes slowly and deeply, and least when he breathes rapidly and shallowly. If the work expended on the elastic and non-elastic resistances is added, the sum will represent the total work done per minute, which is shown by the top curve in Fig. 1 and it is obvious that it must have the shape of a trough because its two components are sloping in opposite directions. If we accept these curves as being valid, the important point emerges that if the lungs are to be ventilated at 6 litres a minute the most econoiical rate in terms of respiratory work is about 15 a minute which is approximtately the rate at which we normally breathe. Before applying this method of approach to disease, I will discuss very briefly the validity of these curves. Otis, Fenn and Rahn measured the elastic and viscous constants of the lung in a number of normal individuals by a complex method which involved passive breathing in a Drinker respirator or plethysmograph. From these constants and from the known laws of elasticity, viscosity and gas turbulence they calculated these curves so that the existence of this trough is largely theoretical.
The technique we ourselves have used is more simple and is based on the fact that the negative intrapleural pressure is a measure of the force exerted on the lung and the tidal air a measure of the amount of distension produced. If these two, the intrapleural pressure and the tidal air, are measured simultaneously the amount of work involved in each breath can be calculated by the method described by Bayliss and Robertson (1939) and confirmed by others. We have measured the intra-cesophageal pressure which is identical with the intrapleural pressure, using the technique described by Dornhorst and Leathart (1952) . The tidal air is recorded simultaneously by means of a pneumotachograph and capacitance manometer. From these records the work expended in overcoming the elastic and nonelastic resistances of the lungs can be calculated, the work involved in moving the chest wall and abdominal viscera being excluded. With this technique it is possible to make direct measurements of the work involved in breathing at different rates and depths and thus to confirm directly the calculated curves of Otis, Fenn and Rahn. In Fig. 2 the subject is breathing with a constant alveolar ventilation of 7-6 litres a minute, a respiratory dead space of 200 c.c. being assumed. The respiratory rate was varied from 5 per minute to 40 per minute by following a metronome and the appropriate respiratory depth was obtained by spirometer control. Fig. 2 clearly shows that the respiratory work involved in ventilating the lungs was least when the subject breathed at a rate of about 15 per minute, an observation which confirms by direct measurement the calculations of Otis, Fenn and Rahn depicted in Fig. 1 .
With this technique the effects of exercise can also be investigated. This is not possible by the method of Otis, Fenn and Rahn since it would be difficult to exercise in a Drinker respirator and at the same time submit to passive breathing. Fig. 3 shows the effect of moderate exercise, the respiratory work being calculated at various respiratory rates by the method of Otis, Fenn and Rahn (1950) . At rest the subject was breathing at 12 per minute and this corresponds closely with the frequency at which least respiratory work was required. On exercise sufficient to increase the alveolar ventilation from its resting value of 4 litres a minute to 12 litres a minute the respiratory rate rose to 24 per minute, and again this corresponded closely to the frequency at which least respiratory work was required. This observation has been confirmed by direct measurement and it is clear that on exercise as well as at rest the normal individual selects the respiratory rate and depth which is most economical in terms of respiratory work. It is not known how this desirable state of affairs is brought about, but work which is now in progress suggests that it is the Hering-Breuer reflex that is responsible.
CAREVIAC DYSPNCEA The work required to ventilate the lungs of normal individuals and of patients with heart failure is shown in Fig. 4 . In heart failure about 1 kg. metre of respiratory work per minute has to be done at rest which is about twice the amount required of the normal control group. On voluntary hyperventilation, sufficient to double the resting minute volume, both normal individuals and patients with heart failure approximately double the amount of respiratory work. But when the same degree of hyperventilation is produced by mild exercise the response of normal individuals and of patients with heart failure is very different. In normal individuals less respiratory work is required to double the ventilation on exercise than at rest and, from this and other observations that we have made, it is clear that in health the lungs become more distensible on exercise. In heart failure the lungs become very much less distensible; on exercise, so mild that the volume of air respired is only doubled, the cardiac patient has to do four or five times the respiratory work of the normal controls and it is therefore not surprising that he becomes conscious of respiratory effort. This may be the explanation of dyspnoea in cardiac failure, but we have to look elsewhere for an explanation of the increase in respiratory rate which is characteristic of this form of dyspnoea. Fig. 5 shows the response to exercise of a patient with mitral stenosis and heart failure. At rest the patient was breathing at 21 per minute and this corresponded closely with the frequency at which least respiratory work would be required. On mild exercise, sufficient to increase the minute volume respired to 19 litres per minute from its resting value of 7 per minute, the respiratory rate rose to 29 per minute, and again this corresponded closely with the frequency at which least respiratory work would be required. Fig. 6 shows the response to change in posture of a patient with heart failure and severe orthopneea. In the upright position the work of breathing was 07 kg. metre per minute and the respiratory rate 19 per minute which corresponded closely with the frequency at which least respiratory work was required. On lying flat the lungs became less distensible, presumably owing to pulmonary congestion, and the work of breathing increased to 2-6 kg. metres per minute, a fourfold increase in the work required to ventilate the lungs, and it is not surprising that the patient became acutely conscious of respiratory effort. At the same time the respiratory rate increased to 29 per minute, which again corresponded closely with the frequency at which least respiratory work would be required. These findings have been confirmed in other individuals with heart failure associated with exertional dyspnoea and orthopnoea. Dyspnoea in these patients, whether due to exertion or posture, is associated with pulmonary congestion which gives rise to a substantial increase in the amount of work required to ventilate the lungs, and it is reasonable to suppose that this is largely, if not wholly, EMPHYSEMvlA responsible for the consciousness of respir-NORMAL atory effort which occurs. It also appears 3-NR ---to be true that in cardiac failure the patient breathes at the rate and depth which is RATE most economical in terms of respiratory work, and that this applies to the rapid and OF kg. metres per minute in normal subjects and patients with he is to increase pulmonary ventilation, emphysema at rest, on hyperventilation and exercise. In and this must be an important factor in emphysema the work required to double the resting minute the production of dyspneea and in the limitvolume on hyperventilation is greatly increased. ation of the maximal breathing capacity.
SUMMARY
In normal individuals, whether at rest or on exercise, the rate and depth of breathing is adjusted to the rhythm which is most economical in terms of respiratory work. The regulating mechanism responsible for this adjustment is probably the Hering-Breuer reflex.
In cardiac failure, dyspnoea on exertion and orthopnoea can be explained by the disproportionate increase in respiratory work which is required of the patient, due to pulmonary congestion. The rapid and shallow breathing which is assocdiated with cardiac dyspncea is shown to be another illustration of the rule that individuals breathe at the rate and depth which is most economical in terms of respiratory work.
In emphysema there is a relative increase in the non-elastic resistance of the lungs to inflation, and as a result the respiratory work on hyperventilation is greatly increased. This abnormal increase in respiratory work must at least be an important factor in the production of dyspnoea and in the limitation of the maximal breathing capacity.
